Active vibration control of long span suspension bridge flutter using separated control flaps (SFSC) has shown to increase effectively the critical wind speed of the bridges. In this paper, an SFSC calculation based on modal equations of the vertical and torsional motions of the bridge girder including the flaps is presented. The length of the flaps attached to the girder, the flap configuration, and the flap rotational angles are parameters used to increase the critical wind speed of the bridge. To illustrate the theory a numerical example is shown for a suspension bridge of 1000m + 2500m + 1000m span based on the Great Belt Bridge streamlined girder.
INTRODUCTION
The motion-induced wind loads on bridges have in many cases been transformed into catastrophic forces. As examples, mention can be made of the destruction of the Brighton Chain Pier suspension bridge (1836), the Ohio River Bridge, (West Virginia 1854) and the well-known Tacoma Narrows Bridge (1940), see figure 1. There are three main reasons for these dynamic collapses: (1) Aerodynamic instability (negative damping) producing self-induced vibrations in the structure, (2) Eddy formations, which might be periodic in nature, and (3) Random effects of turbulence, i.e. the random fluctuations in velocity and direction of the wind. These three subjects have been important topics within suspension bridge aerodynamic stability research for the last 60 years. A relatively new research area on aerodynamic stability for very long-span bridges is based on actively controlled flaps attached along the girders, Ostenfeld & Larsen [1] . The purpose of applying the so-called control flaps is that the small rotations of the flaps attached along the girder in strong wind will generate the aeroelastic forces to counteract the aeroelastic forces occurred from the girder vibration. Two designs for the control flaps have been the revolving "wind nose" as the integrated parts of the girder and the separated flaps attached under the girder, see figure 4 . Hansen & Thoft-Christensen [2] , [3] and Hansen [4] have investigated the first-mentioned design. This paper deals with the last-mentioned design.
SUSPENSION BRIDGE FLUTTER
Let v z (x,t) be the vertical displacement along the girder in mode i, and r x (x,t) the torsional displacement in mode j, both coupled to produce a flutter mode at the time t, see figure 2
where φ i (x) and ψ j (x) are the vertical mode i and the torsional mode j at the joint x on the girder, respectively. z i (t) and α j (t) are the associated modal coordinates in the modes i and j. The motion-induced forces due to the movement of the girder in the coupled vertical-tosional mode k can be written, Scanlan (1996)
where
is the reduced frequency, B is the girder width, U is the uniform approach velocity of the wind, and ω is the bridge circular frequency of oscillation at the wind action U. 2, 3, 4 are the flutter derivatives determined experimentally in a wind tunnel.
The modal wind load and the modal mass due to a coupled vertical-torsional mode k are 
where m and J are the mass and the mass moment of inertia per unit span including cables. Each of integral (5) and (6) is a sum of three integrals, namely, two for the side spans of the lengths L s and one for the main span of the length L m . The corresponding mode shapes φ s,k (x), ψ s,k (x) of the side spans, and φ m,k (x), ψ m,k (x) of the main span are given in the Appendix.
and where (3) and (4) have been inserted. φ i ≡φ k ≡φ 1 for the 1st symmetric vertical (SV1) mode, and ψ j ≡ψ k ≡ψ 1 for the 1st symmetric torsional (ST1) mode are assumed to couple at the flutter mode. In the short form, (7) and (8) can be written as: The modal mass at the pure vertical mode and the pure torsional mode is, cf. (6)
The governing equations for the vertical-torsional flutter problem are
where ω z and z z are the natural SV1 frequency (in rad/s) and the associated damping ratio. ω α and z α are the natural ST1 frequency and the associated damping ratio. Let both z and α be the temporary dimensionless B Ut s = at flutter, the following relations are applied, Scanlan (1996) ( )
Assuming that both z and α at the flutter mode are proportional to .
Using (14) and (17), eqs. (15) and (16) can be written as:
The flutter conditions (the zero determinant for the coefficients of z and α given above) with H1 to H4 and A1 to A4 given by (12) and (13) (19) and (20) are also known as the sectional flutter conditions when setting ΞΞ = ΦΨ = 1, i.e. the first SV and ST mode shapes are equal to a constant mode shape indicating a possible mode coupling. In the case of a full-span bridge, the deformations of the girder are functions of the position along the girder axis so that the sectional assumption is no longer valid, especially when the deformations (mode shapes) of the flaps along the girder are taking into account in the flutter conditions.
For multi-mode flutter (depends on the bridge design, the natural mode shapes and its frequencies) the governing flutter equations (15) and (16) are increased to a number of equations according to the number of modes, say m modes. Hence, the determinant condition (18) becomes of the dimension m×m. In case of the Great Belt Bridge, a two-mode flutter analysis consisting of the SV1 and the ST1 mode gives a almost unchanged results compared to a four-mode analysis including the SV2 and ST2 modes, Nielsen & Huynh [5] . 
SUSPENSION BRIDGE FLUTTER FOR GIRDER WITH SEPARATED CONTROL FLAPS (SFSC)
The aeroelastic forces occur from the girder cross-section and the flaps are as shown in figure 4 . The system is assumed to oscillate from position B to C. The total aeroelastic forces on the girder and on the flaps are When the system oscillates purely vertically, the vertical displacements of the flaps at location x are the same as the girder vertical displacement at the same location:
When the system oscillates purely torsional, the rotations of the flaps at location x are assumed to be a tr and a le times the rotation of the girder r x,j (x,t) (by external power) ) ( ) ( 
where a tr and a le are the rotational amplification factor of the trailing and leading flaps, respectively. a tr = a le =1 indicates that r x tr = r x le = r x i.e. the flap rotations are the same as the girder rotation.
The vertical translation v(x,t) due to a small girder rotation r x (x,t) is 
The aeroelastic from the flaps caused by v z and the flaps rotations are
The lift forces from the flaps caused by v and the flaps rotation are [7] are 
MODAL WIND LOADS ON THE FLAPS AND SFSC
The modal wind loads from the flaps are 
where (39) is the moment contribution of the leading and trailing flaps due to the rotation of the flaps and due to the vertical translation v(x,t) when the girder rotates. The total lift and torque from the flaps can be written, when (26) to (28) have been inserted into (37) to (39)
and where the lengths |L 2 −L 1 | of the flaps are entered into the modal wind loads in the integrals
The total modal wind loads on the girder including the flaps are
(56) and where H1 to H4, A1 to A4 are given by (12) and (13).
Returning to the governing equations without the flaps (15), (16) and (10), (11) it is seen that L1 to L4 now replace H1 to H4, and M1 to M4 replace A1 to A4. Thus, the SFSC conditions can be written in the form of (19) and (20) as
NUMERICAL EXAMPLE Suspension bridge and flutter example
To illustrate the theory a numerical example is shown for the bridge in figure 5 . The bridge data are:
• Figure 5 shows the main structure of the suspension bridge. The streamlined girder of the Great Belt Bridge is used as input member data. Figure 6 shows the SV1 mode and the ST1 mode of the suspension bridge computed by GTSTRUDL.
The three first SV and ST frequencies are shown in Tables 1, where Table 2 . Flutter Solutions
NUMERICAL ANALYSIS OF SFSC CONDITIONS
The SFSC conditions (57) and (58) With this configuration, U cr decreases from the beginning so CPM is an undesirable configuration against the flutter, figure 11.
• Minimization of the Flaps Length using CMP: The flap rotations are regulated on the basis of the girder small rotations, which are 2.4° at the flutter velocity 58.2m/s at the center joint of the main span, Huynh [5] . Therefore the flaps rotation can be increased for reducing of the flaps length. In figure 12 the flutter solutions are solved for several combinations of the flap lengths along the center side spans and the main span. The following parameters are fixed: a) 40% and 50% increase of the critical wind speed U cr and b) CMP with leading and trailing flap rotational amplifications of −3 and 3.
SUMMARY AND CONCLUSION
A suspension bridge of 1000m+2500m+1000m span with separated control flaps has been studied for flutter onset based on the Great Belt girder. A 50% increase of Following the increased U cr by using the CMP, the associated critical frequency also increases considerably inasmuch as the control forces have modified the flutter mode (torsional divergent flutter). As long as the desired U cr (and hereby the required control forces) does not produce a higher flutter mode frequency than the ST1 natural frequency, no control spillover takes place in the higher ST modes.
However, at present, the SFSC condition assumes that the forces generated from the girder-wind-interaction and the forces generated from the flap-wind-interaction (for separated flaps) are based on the independent flutter derivatives of the girder and the flaps. The girder-flap interaction (and hereby the new flutter derivatives of the whole system) for a full span model example needs further study in wind tunnel (or by computer simulation) to supplement the assumption of the paper.
APPENDIX. NATURAL MODE SHAPES AND FREQUENCIES OF SUSPENSION BRIDGES
In this appendix the natural mode shapes and frequencies of suspension bridge are outlined analytically, Nielsen & Huynh [6] . The cable mode shape of the main span 
